Apis mellifera originated in Africa and extended its range into Eurasia in two or more ancient expansions. In 1956, honey bees of African origin were introduced into South America, their descendents admixing with previously introduced European bees, giving rise to the highly invasive and economically devastating ''Africanized'' honey bee. Here we ask whether the honey bee's out-ofAfrica expansions, both ancient and recent (invasive), were associated with a genome-wide signature of positive selection, detected by contrasting genetic differentiation estimates (F ST) between coding and noncoding SNPs. In native populations, SNPs in protein-coding regions had significantly higher F ST estimates than those in noncoding regions, indicating adaptive evolution in the genome driven by positive selection. This signal of selection was associated with the expansion of honey bees from Africa into Western and Northern Europe, perhaps reflecting adaptation to temperate environments. We estimate that positive selection acted on a minimum of 852-1,371 genes or Ϸ10% of the bee's coding genome. We also detected positive selection associated with the invasion of African-derived honey bees in the New World. We found that introgression of European-derived alleles into Africanized bees was significantly greater for coding than noncoding regions. Our findings demonstrate that Africanized bees exploited the genetic diversity present from preexisting introductions in an adaptive way. Finally, we found a significant negative correlation between F ST estimates and the local GC content surrounding coding SNPs, suggesting that AT-rich genes play an important role in adaptive evolution in the honey bee. adaptive evolution ͉ FST ͉ genetic differentiation
T he relative contribution of selection and drift in shaping the observed patterns of genetic diversity within and between populations has been a subject of great debate in evolutionary biology. Recent studies have documented vast amounts of DNA polymorphism in both model and nonmodel organisms, yet we have very little understanding of the proportion of this diversity that is functional and its role in facilitating adaptation and phenotypic evolution (1) (2) (3) (4) (5) (6) . Such an understanding is needed to gain insights into the process of adaptive evolution and speciation at both the proximate and mechanistic levels (1) (2) (3) (4) (5) (6) . Furthermore, elucidating the role of molecular evolution associated with geographic radiations is likely to shed light on the genetics of range expansions in both native and invasive populations, a topic of immense theoretical and economic importance (6) (7) (8) . The honey bee Apis mellifera provides an ideal system to study these longstanding questions.
The honey bee is an important pollinator in both managed and natural systems and has long served as a model organism for the study of behavior in insect societies (9) . In its native range, A. mellifera is classified into approximately two dozen subspecies, which are further organized into four major geographically and genetically distinct groups: African, Western and Central Asian (hereafter referred to as Asian), Eastern European, and Western and Northern European (hereafter referred to as West European) (9) (10) (11) . European honey bees were introduced by humans to the New World by European settlers as early as the 1600s. In Brazil in 1956, an intentional introduction of African honey bees (A. mellifera scutellata), which hybridized with previously introduced European bees, led to the establishment and spread of the highly invasive and economically devastating Africanized honey bees in North America and South America (12) . Subsequent studies have shown that Africanized bees are predominantly African in ancestry with minor but consistent contribution from European genotypes (11, 12) . Using recently developed SNP panels, Whitfield et al. (11) demonstrated that the honey bee originated in Africa and subsequently expanded into Eurasia in two or more independent ancient expansions. One expansion gave rise to Western European honey bees, and at least one other independent expansion gave rise to Asian and Eastern European honey bees. Honey bee subspecies vary in a host of phenotypic traits, such as morphology, behavior, physiology, and gene expression (9-11, 13, 14) .
Adaptation in social insects involves selection on colony phenotypes mediated through social behaviors (15) . For example, the expansion of honey bees into temperate regions was likely facilitated by selection for honey hoarding, ability to form a winter cluster, and differences in worker division of labor. The honey bee's multiple independent expansions out of Africa present a unique opportunity to examine how the ancestral African genome diverged in response to the different selective pressures experienced across its native and introduced ranges and to provide a population genetic context to the study of social regulation of behavior in the species. Our work provides the first step toward these goals by searching for genome-wide evidence for positive selection and adaptive evolution associated with the multiple ancient and recent (invasive) expansions of the honey bee.
Although there are several methods for detecting selection in population genetic data sets, methods based on multilocus comparisons of genetic differentiation provide a very useful framework for examining the extent of adaptive divergence between populations of the same species (1, 2, 4, (16) (17) (18) (19) . In subdivided populations, estimates of genetic differentiation derived from neutral loci should be concordant because the allele frequencies at such loci are controlled by drift and demographic processes that affect the entire genome. However, because selection acts on specific regions of the genome, allelic frequency at selected loci in subpopulations is expected to deviate from that of neutral loci, thereby creating deviations in the level of genetic differentiation estimated by the former versus the later (1, 17, (20) (21) (22) . For example, heterogeneous selection at a locus can drive differences in allele frequencies between subpopulations, thereby increasing levels of genetic differentiation, commonly measured as F ST (23, 24) , when compared with neutral loci. On the other hand, balancing or purifying selection can maintain similar allele frequencies between subpopulations, reducing levels of F ST when compared with neutral loci. As such, in surveys of genetic variation in subdivided populations, loci under selection are expected to provide outlier estimates of F ST (1, 4, 16-18, 20, 21) . Inferring selection based on these methods has recently been shown to be robust to demographic history (1, 18) .
Tests of selection using genetic differentiation data can be used to indicate selection acting on specific loci, or across the genome as a whole. The former approach involves detecting outlier (i.e., selected) loci given an expected or observed neutral F ST distribution. Many studies have successfully applied this approach to detect loci involved in adaptive population divergence in model and nonmodel organisms (25) (26) (27) (28) (29) (30) . Alternatively, the average effects of selection across the genome can be determined by comparing the F ST distribution estimated from SNPs randomly distributed in coding and noncoding parts of the genome (20, 31) . Noncoding SNPs are presumed to be mostly neutral, and genotype data at a large number of these loci provide an empirical (model-free) distribution of F ST due to drift (20) (21) (22) 31) . For example, higher F ST in coding versus noncoding genomic regions indicates an overall signature of positive selection on the coding regions of the genome. To date, F ST tests of selection have been applied only on the genome level in human populations (20, 31, 32) . Given the recent development of genomic resources for the honey bee (11, 33) and the availability of geographically diverse genetic samples (11) , it is now possible to examine the extent of selection in shaping genome-wide levels of genetic differentiation within native and invasive populations. In addition to its well characterized biogeography, the honey bee also possesses several useful properties that greatly facilitate studies of the genetic architecture of phenotypic traits (34, 35) , such as haplodiploidy, high recombination rate, short generation time, extremely large family sizes, and the ability to control mating. The genetic properties and biogeographic history of the honey bee thus combine to provide an ideal system to examine the prevalence of genome-wide selection and the genetic basis of adaptive phenotypic evolution.
The goal of this study is to test for a signature of selection and adaptive evolution across the honey bee genome specifically in association with the bee's independent ancient and recent (invasive) expansions out of Africa. Using recently published genotypic data (11), we estimated F ST among the four native honey bee groups and between native sub-Sahara A. m. scutellata and invasive A. m. scutellata-derived populations. We inferred selection in our data set as differences in the distribution of F ST between coding and noncoding SNPs (20, 31, 32) and examined how such differences were associated with the evolutionary history of A. mellifera and its genomic properties.
Results and Discussion
We estimated F ST at 444 SNPs that were randomly distributed across coding and noncoding genomic regions. The SNPs were typed in the four major honey bee population groups (each represented by 31-66 individuals from two or more subspecies) and an invasive Africanized population from South America (37 individuals) [see Materials and Methods and supporting information (SI) Fig. 5 ]. We classified SNPs into the following functional classes: exon, intron, and intergenic (SNPs Ͻ3 kb from exons were excluded from the latter two classes; see Materials and Methods). We gauged the overall effects of selection on the coding genome by comparing F ST estimates of exon SNPs against those of the presumably neutral intron and intergenic SNPs. We examined the distribution (mean and variance) of allele frequencies in exon and noncoding (intergenic plus intron) SNPs to ensure that any observed difference in F ST between the two classes is not confounded by differences in allele frequencies. In every population where we estimate F ST , the distribution of allele frequencies did not significantly differ between exon and noncoding SNPs (SI Fig. 6 ) (means, twotailed, P Ͼ 0.05 for all tests; variances, two-tailed, P Ͼ 0.05 for all tests), indicating that any observed difference in F ST between the two classes must be caused by selection rather than nonadaptive causes (31) .
We found significant evidence for positive selection and adaptive evolution acting on the coding genome of the honey bee. In natural populations, exon SNPs had significantly higher F ST estimates when compared with intergenic (P ϭ 0.009), intronic (P ϭ 0.009), and noncoding SNPs (P ϭ 0.006) (Fig. 1) . Because SNPs were randomly distributed throughout the honey bee's 16 chromosomes (SI Table 1 and SI Fig. 5 ), the observed differences in means between coding and noncoding SNPs are unlikely to be caused by selection on a small number of genes or a few selective sweeps affecting large chromosome portions. We predict that misclassification of SNPs (i.e., noncoding to coding and vice versa), a likely scenario given incomplete annotation of the honey bee genome (33), will reduce the signal for positive selection, suggesting that actual effects of selection may be stronger than those observed. We note that we do not interpret the results of the above analysis as direct selection on the actual SNPs used; indeed, the majority of exon SNPs were synonymous (SI Table 1 ) and most likely neutral. However, our results indicate that polymorphisms linked to these coding SNPs (i.e., in the coding regions themselves or nearby regulatory regions) are adaptively evolving in response to positive selection.
To further examine the causes of adaptive evolution in honey bee populations, we conducted the same analysis on pairs of populations that represent ancient and recent expansions of A. mellifera out of Africa (Fig. 2) . The signature of selection found in the global analysis of bee population groups was driven primarily by adaptive evolution associated with the ancient expansion of A. mellifera out of Africa into Western and Northern Europe. Exon SNPs had significantly higher F ST when compared with noncoding SNPs in the African versus West European comparison (P ϭ 0.0032) (Fig. 2) . It is worthwhile to note that West European honey bees, including the subspecies A. m. mellifera, represent the most ancient temperate expansion of A. mellifera out of Africa, extending into Northern Europe and West-Central Russia (10). We did not detect selection involved with the ancient expansion of A. mellifera in Asia and Eastern Europe (Fig. 2) , which may be due to lack of power to detect the signature of adaptive evolution acting on a small number of genes, lack of actual adaptive population divergence, or subspecies heterogeneity within groups. The small number of coding SNPs that were polymorphic within the four main honey bee groups prevented us from examining the extent of adaptive divergence among subspecies within each of the four main groups.
To explore the actual number of genes that experienced positive selection during A. mellifera's ancient expansion into Western and Northern Europe, we examined the number of outlier coding SNPs based on the observed distribution of noncoding SNPs. With cutoff criteria of Ͼ99% and Ͼ95% (F ST Ն 0.97 and 0.88, respectively), we observed three and five outlier coding SNPs, representing 8.1-13.5% of all coding SNPs surveyed in our study. Assuming that our randomly chosen SNPs represent the honey bee genome, our estimates imply that 852-1,371 genes (Ϸ10% of the coding genome) experienced positive selection and adaptive evolution between the African and West European groups, on par with a recent study of adaptive evolution in human populations employing different methods (36) . This is likely a conservative estimate because removal of outlier coding SNPs did not abolish the significant differences in F ST between coding and noncoding SNPs. These results suggest that selection at a substantial number of genes may underlie adaptive evolution and phenotypic divergence in the ancient expansion of African bees into Western and Northern Europe.
We also detected a signal for positive selection associated with the invasion of Africanized bees in the New World. In a pairwise comparison between Africanized bees collected in South America and their African source, A. m. scutellata (12), we found that the coding genome was nearly twice as differentiated as the noncoding genome (coding F ST ϭ 0.10, nonoding F ST ϭ 0.05, P ϭ 0.002), indicating positive selection (Fig. 2) . Although A. m. scutellata experienced a bottleneck during its introduction to the New World, such an event would have affected both the coding and noncoding genomes equally and is thus not expected to generate the differences observed. Numerous studies have shown that introduced African bees hybridize with previously introduced European bees in the New World (12) . The 37 Africanized bees analyzed here (from Brazil and northern Argentina) all exhibited a predominately African genome introgressed with Western European portions (11) . It is possible that the signature of selection associated with the invasive expansion of Africanized bees may be related to hybridization of A. m. scutellata and West European bees in the New World.
To investigate the role of introgression of African and West European genomes in the invasion of Africanized bees, we asked whether there were differences in the extent of introgression for coding and noncoding portions of the genome. Hybridization is a demographic process that involves the transfer of both coding and noncoding portions of the genome. In the absence of selection, we predict an equal extent of introgression for coding and noncoding portions of the West European genome in Africanized bees. Alternatively, if functional portions of the West European genome are either beneficial or detrimental to Africanized bees, we predict (respectively) greater or lesser introgression of coding relative to noncoding portions of the West European genome. For each variable SNP, we derived a relative measure of introgression of Africanized bees from 0 to 1 (A. m. scutellata-like to West European-like) as a function of pairwise F ST estimates for Africanized bees versus A. m. scutellata and Africanized bees versus West European bees (Fig. 3) . We found that SNPs in coding regions had significantly higher estimates of introgression (two-tailed, P ϭ 0.032) when compared with SNPs in noncoding regions (Fig. 3) , indicating that selection is acting to increase the average frequency of West European coding alleles over expectations for introgression without selection. This result is somewhat surprising given that West European bees are temperate, and the success of Africanized bees in tropical regions of the New World is clearly related to multiple morphological and behavioral traits derived from sub-Saharan A. m. scutellata (12) . The adaptive value of functional (coding) portions of Western European genomes could be related to positive selection on novel variation in West European bees, to positive selection on novel hybrid gene combinations, and/or to selection for heterozygous genotypes (37) . Our study thus provides direct evidence that invasive populations can exploit hybridization in an adaptive fashion-a finding of immense relevance to understanding the dynamics of biological invasions (37, 38) .
Finally, we found an interesting relationship between F ST and the local GC content. In the native honey bee population, F ST estimates were significantly negatively correlated with the GC content in a 10-kb window around exon SNPs (P ϭ 0.025, r 2 ϭ 11%) but not around noncoding SNPs (P ϭ 0.684, r 2 Ϸ 0%) (Fig.  4) . The relationship between GC content and F ST in exon SNPs was not mediated by differences in allele frequency because the correlation between an exon SNP's GC content and minor allele frequency was not significant (P ϭ 0.35, r 2 ϭ 2%). Furthermore, GC-poor genes [defined as having average GC content at the third codon position (GC3) Ͻ 33%, following ref. 39 ] contained SNPs with significantly higher F ST (P ϭ 0.021) when compared with GC-rich genes (GC3 Ն 33%). The negative relationship between F ST and GC content implies that genes in GC-poor regions are contributing disproportionately to the adaptive evolution observed in honey bee populations. The honey bee genome is AT-rich in comparison to other sequenced invertebrates (33, 39) . Furthermore, the honey bee genome is biomodal with respect to GC content, with both GC-poor and GC-rich regions, in stark contrast to the GC-rich genomes of both Drosophila melanogaster and Anopheles gambiae (33, 39) . Jorgensen et al. (39) recently hypothesized that the isochore-like structure of the honey bee genome is caused by two markedly different mutational patterns, with a very strong bias toward A/T mutations acting in GC-poor regions, and an unbiased mutation pattern acting in GC-rich regions. Our results demonstrate that the derived GC-poor regions of the honey bee genome (33, 39) are of both functional and adaptive importance. Further work is needed to examine the mechanistic basis for this phenomenon.
In summary, our study provides evidence for positive selection acting on the honey bee's protein-coding genome associated with the ancient radiation of honey bees into Western and Northern Europe and the recent invasion of African-derived honey bees in the New World. We estimate that positive selection acted on at least 10% of the genes in the honey bee genome during the former ancient expansion. We also show that the invasion of African-derived honey bees involved the preferential introgression of coding regions from previously introduced West European bees, suggesting that multiple introductions can provide functional genetic diversity that facilitates adaptive evolution in economically damaging invasive populations. Additionally, we show that the signal for selection in honey bee populations was biased toward the bee's unique AT-rich regions, suggesting that such regions play a major role in facilitating adaptive evolution. Further population genetic and genomic studies investigating selection at a finer scale in honey bees are likely to yield additional insights on theoretical and mechanistic aspects of adaptive evolution in native and invasive populations.
Materials and Methods
Samples. Detailed information on sampling strategies, locations, and DNA extraction methods are provided elsewhere (11) . The study population consisted of workers (females) from Africa (n ϭ 66; 21 A. m. scutellata, 19 A. mellifera lamarckii, 19 A. mellifera intermissa, two A. mellifera litoria, three A. mellifera capensis, and two A. mellifera unicolor), Asia (n ϭ 44; 18 A. mellifera anatoliaca, 14 A. mellifera caucasica, nine A. mellifera syriaca, and three A. mellifera pomonella), East Europe (n ϭ 34; 18 A. mellifera ligustica and 16 A. mellifera carnica), and West Europe (n ϭ 31; 20 A. mellifera mellifera and 11 A. mellifera iberiensis). We also used data from 37 Africanized honey bees from different regions of Brazil (n ϭ 26) and northern Argentina (n ϭ 11; north of the hybrid zone indicated in ref. 4 . Genetic differentiation and GC content. Genetic differentiation was negatively correlated with GC content in coding SNPs but not in noncoding SNPs, suggesting that AT-rich genes play an important role in facilitating adaptive evolution. study we restricted our analyses to 444 validated SNPs derived from the former set because they were identified from random genome traces without knowledge of their functional class. EST-derived SNPs were not analyzed here because they were derived from transcribed regions making them biased against neutrality when compared with the genome trace-derived SNPs.
Ascertainment Bias. The same discovery panel and protocol were used to ascertain SNPs without knowledge of their functional class. Therefore, ascertainment bias is expected to affect coding and noncoding regions equally and not to systematically bias any particular class of SNPs. This is further supported by the finding that the distribution of allele frequencies does not significantly differ between coding and noncoding SNPs in our data set (SI Fig. 6 ). Evidence for selection in our study is thus not caused by variation in the discovery protocol among different genomic regions (5) . Furthermore, although we acknowledge that ascertainment bias likely exists in our data set, two lines of evidence suggest that the effects of ascertainment bias are minor. First, the discovery panel for the SNPs used herein was relatively diverse (see SNP Panel and Typing), which is expected to reduce ascertainment bias in our data set (22, 40 -42) . Second, both genome sequence-derived and EST-derived SNPs (ascertained by using different discovery panels) yielded essentially the same results in analyses of population genetic structure (11) .
Genetic Differentiation. Previous analyses of population genetic structure among subspecies indicated that the majority of genetic differentiation was associated with the four major geographical honey bee groups (11) . We thus treated each geographic group as a distinct subpopulation and estimated FST at each polymorphic SNP (defined as having a minor allele frequency Ն5%) in the global native honey bee population following standard methods (43, 44) . We also conducted similar analyses involving specific subpopulation pairs as indicated in the text. Differences in the exclusion of rare alleles produced average FST estimates that differed slightly from ref. 11; however, relative differences between pairwise comparisons were essentially the same. SNP Classification and Local GC Content. Honey bee official gene predictions were generated by using Genome Assembly 2 (33), and SNPs were isolated by using Assembly 3. To classify SNPs, we mapped each SNP's 200-bp flanking sequence to Assembly 2 scaffolds using BLASTN. We retained SNPs that perfectly matched a unique position in Assembly 2. Using the coordinates of the honey bee gene set OGSv1 (33), we classified SNPs as belonging to exons, introns, or intergenic regions. Genetic diversity, measured as expected heterozygosity, in the global data set did not significantly differ between coding and noncoding SNPs (P ϭ 0.49; also see SI Fig. 6 ). As a measure of local GC content, we estimated the GC% in a 10-kb window surrounding each SNP (33, 39) . Windows containing Ͼ1,000 unknown bases were removed from analyses.
To provide the best possible benchmark for neutral SNPs, we used only data from intergenic and intronic SNPs that are Ն3 kb away from the nearest predicted exon in our analyses (note that introns are relatively large in honey bees compared with other sequenced insects). Noncoding regions near coding DNA are known to be both functional and under selection (45, 46) . Intron SNPs close to exons had significantly higher mean FST estimates when compared with SNPs that were farther away (P ϭ 0.021); intergenic SNPs showed a similar trend that was not significant (SI Fig. 7) . Exclusion of near-exon SNPs had no effect on the outcome of our statistical tests and our conclusions.
Statistical Tests. Because of the honey bee's extraordinary recombination rate of 19 cM/Mb (47) and large number of chromosomes (n ϭ 16) and the low SNP density of the current data set (average 1.86 SNP/Mb), we expect little correlation between F ST estimates because of physical distance between nearby SNPs, as found in dense human SNP data sets (48) . In an earlier study using 1,136 SNPs (ref. 11; including the set used in this study) linkage disequilibrium rapidly declined over a distance of 5-10 kb. Given the above, we treated F ST estimates from SNPs as independent with respect to physical distance. We used the nonparametric Wilcoxon rank-sums test (49) to examine differences in F ST and other genomic parameters (e.g., GC content) between SNP classes. Because we predict stronger selection on functional SNPs a priori (1, 20, 31) , we report one-tailed P values for all statistical tests, except where indicated and for tests of significance of regressions slopes (49) . We compared the mean and variance of minor allele frequencies between coding and noncoding SNPs for all populations tested for selection, using the Wilcoxon rank-sums test (two-tailed) and Bartlett's test (two-tailed) for homogeneity of variances (49), respectively. Minor allele frequency represents the frequency of the less common SNP allele in any defined population where F ST is estimated.
